Preparing to stop an inappropriate action requires keeping in mind the task goal and using this to influence the action control system. We tested the hypothesis that different subregions of prefrontal cortex show different temporal profiles consistent with dissociable contributions to preparing-to-stop, with dorsolateral prefrontal cortex (DLPFC) representing the task goal and ventrolateral prefrontal cortex (VLPFC) implementing action control. Five human subjects were studied using electrocorticography recorded from subdural grids over right lateral frontal cortex. On each trial, a task cue instructed the subject whether stopping might be needed or not (Maybe Stop [MS] or No Stop [NS]), followed by a go cue, and on some MS trials, a subsequent stop signal. We focused on go trials, comparing MS with NS. In the DLPFC, most subjects had an increase in high gamma activity following the task cue and the go cue. In contrast, in the VLPFC, all subjects had activity after the go cue near the time of the motor response on MS trials, related to behavioral slowing, and significantly later than the DLPFC activity. These different temporal profiles suggest that DLPFC and VLPFC could have dissociable roles, with DLPFC representing task goals and VLPFC implementing action control.
Introduction
Much evidence shows that stopping an action outright (i.e. completely, and to an external signal) implicates a predominantly right-hemisphere fronto-basal-ganglia network. This includes the ventrolateral prefrontal cortex (VLPFC), the presupplementary motor area ( preSMA) and the basal ganglia (reviewed by Aron et al. 2007b; Nachev et al. 2008; Chambers et al. 2009; Chikazoe 2010; Levy and Wagner 2011) . However, everyday life not only requires us to stop outright but also to prepare to stop. Here we investigate the neural correlates of preparing to stop using the high spatio-temporal resolution of electrocorticography (ECoG) .
Studies with functional magnetic resonance imaging (fMRI) have recently investigated this issue by designing tasks where preparing to stop can be separated from outright stopping. These studies show preparing to stop recruits some of the same prefrontal regions as outright stopping, including the preSMA and the right VLPFC (specifically the inferior frontal gyrus), and in addition, the dorsolateral prefrontal cortex (DLPFC) (Vink et al. 2005; Chikazoe et al. 2009b; Jahfari et al. 2010; Zandbelt and Vink, 2010; Zandbelt et al. 2012) . The DLPFC finding is consistent with a role for representing goals in working memory (Goldman-Rakic, 1990; Petrides, 2000; Olesen et al. 2004; Muller and Knight, 2006) and/or attentional monitoring (Corbetta and Shulman, 2002) -in this case for the stopping task goal. This motivates the hypothesis that the DLPFC and VLPFC play dissociable roles in preparing to stop. Specifically, the DLPFC may represent the task goal while the VLPFC may implement action control-by which we mean an active, although partial, suppression of the motor response (i.e. braking). A key aspect of this prediction is that the DLPFC and VLPFC activity should be temporally dissociable, with the DLPFC activity occurring early, around the time of a task goal cue (task cue) and the VLPFC activity occurring later, around the time when stopping is anticipated or perhaps around the time of the motor response itself. To test these predictions, we recorded ECoG in 5 subjects, each with electrode coverage of both DLPFC and VLPFC, while they performed a preparing-to-stop task.
On each trial, a stopping task cue was presented ("Maybe Stop" [MS] or "No Stop" [NS] ), followed by a Go cue, and then, on the MS trials alone, a stop signal occurred half the time (Fig. 1) . In a previous fMRI study with this task in healthy controls, we reported that the contrast of MS Go trials versus NS Go trials activated the DLPFC bilaterally and the VLPFC in the right hemisphere, as well as the preSMA (Swann et al. 2012 ). The preSMA is part of the stopping network, having functional and structural connectivity with the VLPFC and the subthalamic nucleus of the basal ganglia (Forstmann et al. 2010 (Forstmann et al. , 2012 Neubert et al. 2010; Swann et al. 2012) , and all 3 of these regions show similar electrophysiological responses for outright stopping (Swann et al. 2009 (Swann et al. , 2012 Leventhal et al. 2012; Ray et al. 2012) . However, in this study, we focused uniquely on the DLPFC and VLPFC (where we had coverage in all subjects), to test the hypothesis about their distinct functional roles in preparing to stop. Notably, we examined Go trials only, to evaluate the neural correlates of preparing to stop, in a context in which there was always a motor response. Specifically, we analyzed MS Go trials, NS Go trials, and the difference between them.
Although ECoG provides information about many different frequency bands of oscillatory activity, our present interest in the temporal profiles of DLPFC and VLPFC motivated a focus on high gamma activity (∼90-130 Hz). This high-frequency activity is a putative marker of local neural processing within a region (Edwards et al. 2005; Canolty et al. 2007; Miller et al. 2007a Miller et al. , 2007b Ray et al. 2008; Flinker et al. 2010; Conner et al. 2011; Scheeringa et al. 2011) , while lower-frequency activity (beta, alpha, and theta) is putatively important for long-distance communication between brain regions (Kopell et al. 2000 (Kopell et al. , 2010 Fries, 2005) . Thus, given our current goal of differentiating the temporal profiles of DLPFC and VLPFC, we focused only on high gamma activity as an index of local neural processing within a region.
Behaviorally, we expected that action control would be manifest as slower reaction time (RT) for MS Go versus NS Go trials (the "response delay effect," RDE, cf. Chikazoe et al. 2009b; Jahfari et al. 2010; Zandbelt and Vink, 2010; Swann et al. 2012; Zandbelt et al. 2012) . With ECoG we focused on 2 main aspects. First we tested the relative timing of activity in DLPFC versus VLPFC. We expected increased gamma activity in the DLPFC around the time of the task cue and increased gamma activity in the VLPFC following the go cue. This would support dissociable roles for these regions. Second, we more closely examined the VLPFC to better understand its role in preparing to stop. Whereas fMRI shows increased activity in VLPFC for MS Go compared with NS Go, it is unclear when this difference occurs in time. We expected that ECoG, with its higher temporal resolution, would clarify this issue, and thus provide novel information about the functional role of right VLPFC.
Methods

Participants
ECoG was collected in 7 subjects with pharmacologically resistant epilepsy who underwent surgery for resection of seizure foci. All subjects provided informed consent under the auspices of the Internal Review Board at University of Texas at Houston. Data from 2 subjects are not included in this report because of poor task performance (>30% omissions on Go trials). Thus, the analysis focuses on 5 subjects (3 female, mean age 34 years, SD = 9.8). All had right lateral frontal coverage that included the DLPFC and VLPFC and none of them had any evidence for right frontal abnormalities or underwent subsequent resection of these regions. One of these subjects (s2) was included in a previous report (Swann et al. 2012 ). However, here we focus on other aspects of this subject's data and also on the 4 additional subjects.
Task
We used a MS/NS task, (Swann et al. 2012 ; Fig. 1 ). Each trial began with a task cue presented for 1 s. The task cue was either "MS" (red text on a black background) or "NS " (green text on a black background). Each cue was equally likely to occur. The task cue was followed by a go cue (white arrow), pointing to either the right or the left, to which subjects were instructed to respond with a button press. On half the MS trials an auditory beep followed the go cue, instructing the subjects to attempt to stop the motor response. In 3 subjects (s2, s4, and s5), the delay between the go cue and the stop signal (stop signal delay, SSD) was dynamically adjusted (for full details see Aron and Poldrack, 2006) , with an initial delay set to 150 ms, whereas for the other 2 subjects (s1 and s3), SSDs were randomly selected from 3 individually determined fixed values spaced 100-ms apart based on an initial training session. We think it is unlikely that this procedural difference influenced the current results since the behavioral results for the go trials for subjects with the fixed SSD method did not differ systematically from the other subjects, and also because the fixed SSD method is a standard procedure (Verbruggen and Logan, 2009) . After the go cue, there was a 1.5-s response window followed by a jittered intertrial interval (1-1.4 s). All subjects responded with their left hand (so that primary motor cortical responses could be recorded from the right lateral grids). The subjects performed either 6 or 7 blocks of the experiment, with 96 trials per block.
Behavioral Analysis
For each subject we calculated mean RT for MS and NS Go trials (with RTs less than 100 ms excluded), the difference between the 2 (the RDE), the average SSD, the percentage discrimination and omission errors on go trials, the percentage of successful stop trials, and the RT for failed stop trials. We also estimated stop signal reaction time (SSRT) for each subject. For the subjects whose SSDs were determined using the "tracking" method (s2, s4, and s5), SSRT was estimated with the "mean method" (Logan et al. 1997) ; for the other 2 subjects (s1 and s3) SSRT was estimated with the "integration method" (Verbruggen and Logan, 2009 ).
Electrode Localization
Electrode localization procedures were the same as our previous reports (Swann et al. 2009 (Swann et al. , 2012 . In brief, a computed tomography scan was obtained after electrode implantation, and the scan was coregistered to a preimplantation MRI scan. These electrodes were then projected onto a cortical surface model generated in FreeSurfer (Dale et al. 1999) . SUMA software was used to visualize the electrodes as spheres (Saad et al. 2003) . Locations were verified with intraoperative photos.
ECoG Acquisition and Analysis
This was similar to our previous reports (Swann et al. 2009 (Swann et al. , 2012 . Data were acquired with an electroencephalography (EEG) 1100 Neurofax clinical Nihon Koden acquisition system sampled at 1000 Hz. Trial onsets were sent to the EEG acquisition computer with transistor-transistor logic pulses.
The ECoG data were first digitally re-referenced to the common average, excluding channels with frequent artifacts or ictal contamination. Manual inspection was used to identify and exclude trials with either ictal activity that spread across channels or other sources of noise. Following artifact rejection and rejection of trials with incorrect behavior, there was on average 132 MS Go trials remaining per subject (SD = 12, range 116-148), and roughly twice as many NS Go trials. Channels identified as seizure onset channels were also excluded from the entire analysis.
Analysis proceeded as follows. First, the data were filtered with Gabor wavelets into separate analytic amplitudes at 128 different center frequencies (ranging from 2.5 to 250 Hz; see Canolty et al. 2007 ). Second, analytic amplitudes for each frequency were aligned to the task cue (for the main analysis), averaged across trials, and compared with an average baseline of 500 ms in the center of the intertrial interval (−750 to −250 ms prior to trial start). Third, the average analytic amplitude values were converted to z-scores using a permutation technique where a standard deviation of the data was derived for each frequency from a distribution generated by repeating the above procedure 10 000 times, time locking to random points in time (see Canolty et al. 2007) . For calculations of between-condition differences (MS Go vs. NS Go) average analytic amplitude values for differences were directly subtracted (without a baseline correction applied), and z-scores were derived from an analogous permutation Figure 1 . Task: each trial begins with a task cue, either NS or MS, followed by an arrow pointing left or right. Subjects were instructed to respond with a button press to the arrows as quickly as possible. On half of the MS trials an auditory beep followed the arrow and indicated that subjects should attempt to stop the initiated response.
method as above, but now using 5000 iterations of a label-swapping procedure. Fourth, multiple comparisons were corrected for using the false discovery rate (FDR) method. Fifth, while some results show the full time-frequency spectrum, others are specifically focused on high gamma activity (∼90-130 Hz). This is the frequency band that has been most closely linked to local neuronal activity, and to the blood oxygen level dependent signal (Ray et al. 2008; Conner et al. 2011; Scheeringa et al. 2011) . For these analyses data were extracted from this frequency band (center frequency: 110 Hz) and statistics were performed for this band separately.
Results
Behavior
All 5 subjects performed well, having less than 3% discrimination errors on Go trials (i.e. errors where the incorrect button was pressed) and 10% or less omission errors on Go trials (see Table 1 ). The speed of stopping (SSRT) was in a typical range for ECoG subjects (Swann et al. 2009 ). Three of the 5 subjects (s1, s2, and s3) showed a significant RDE, with MS RT being significantly longer than NS RT, as in healthy participants (Chikazoe et al. 2009b; Jahfari et al. 2010; Swann et al. 2012 ). However, the other 2 subjects (s4 and s5) showed no significant RDE, perhaps because they had difficulty keeping this additional rule in mind. Instead, they might have treated the task like a standard stopping task and thus anticipated stopping on all trials regardless whether they were in an MS or NS condition (such that a task goal and action control strategies were maintained for all trials, instead of for MS Go trials only). As these 2 subjects did perform the task well otherwise (i.e. their stopping behavior was typical), they are included in the ECoG analysis, and in fact the absence of the RDE is an informative control condition when examining their activity compared with the other subjects.
ECoG
Prefrontal Activity When Preparing to Stop Our hypothesis was that DLPFC represents the task goal (i.e. "this is [or is not] a trial on which stopping may be needed") and that VLPFC implements action control, by which we mean an active, although partial, suppression of the motor response (i.e. braking). This predicts that DLPFC activity should occur in the task cue period, while VLPFC activity should occur later, perhaps following the go cue or around the time of the motor response.
First, to give a descriptive example of the neural timecourse for the whole brain we examined high gamma amplitudes for the full time course for 1 subject, s2 (Fig. 2) . Here the amplitude was averaged over 100 ms for each time-bin, and converted to a z-score (P < 0.05, FDR corrected for all electrodes and time-bins). We focus on s2 because this subject was unique in having extensive brain coverage, including of primary visual cortex and primary motor cortex, and also a typical pattern of activity for the task. Note that the DLPFC shows bursts of activity approximately 300 after the MS cue and approximately 200 ms after the go cue, whereas the VLPFC shows activity mainly after the go cue, peaking around the time of the motor response. There is also activity in occipital cortex around the time of the visual stimulus and in the precentral gyrus around the time of the motor response, providing validation of the ECoG processing stream, and of the electrode localization method.
Next, to formally test this hypothesized temporal difference for DLPFC and VLPFC, we proceeded as follows. We identified electrodes with significant high gamma amplitude increases for either MS Go trials versus baseline or for NS Go versus baseline for at least 50 ms, to exclude spurious events (P < 0.05, FDR corrected, for all electrodes and all time points). Then, for each of these electrodes, we examined if MS Go activity was greater than NS Go, for at least 50 ms (P < 0.05, FDR corrected for all electrodes and time-points examined). The above steps were done separately for the 2 trial periods: 1) the task cue period (defined as 1 s following the task cue) and 2) the go cue period (defined as 1 s following the go cue).
During the task cue period, for MS Go versus baseline, 3 out of 5 subjects (s1, s3, and s5), exhibited significantly increased high gamma band activity in the prefrontal cortex, mainly in the DLPFC, that is, in the middle frontal gyrus, or in and around the inferior frontal sulcus (Fig. 3A) . (Note, s2 also had DLPFC activity but it did not pass the correction for multiple comparisons for this particular analysis, when correcting for all time points, but the subject did show significant activity when correcting for time-bins, see Fig. 2 .) However, for MS Go versus NS Go, there were no significant effects in prefrontal regions for any subject. Only one subject showed any VLPFC activity during this period (s1), and this was for 2 electrodes slightly more rostral than the VLPFC electrodes that were active in the other subjects during either time period.
During the go cue period, for MS Go versus baseline, 4 of the 5 subjects (all except for s4) again had activity in the DLPFC. Two of the 5 subjects (s2 and s3) also showed differences for the MS Go versus NS Go comparison during this period (Fig. 3B) . For the VLPFC, each of the 5 subjects had significant activity in the caudal VLPFC, that is, in the ventral inferior frontal gyrus or in and around the precentral sulcus Subjects who were tested with a fixed SSD method.
( Fig. 3B) . Additionally, for MS Go versus NS Go there was activity in the VLPFC in 3 out of 5 subjects (s1, s2, and s3), and notably all of these subjects had significant slowing (the RDE), whereas the 2 subjects who did not have a significant difference in activity (s4 and s5) had an RDE close to 0. This supports the notion that the MS versus NS activity difference in the VLPFC could relate to the behavioral slowing effect. We speculate that subjects without an RDE were perhaps exercising proactive control on all trials, and thus showed no difference between the 2 trial types in VLPFC, but still exhibited above-baseline activity in these regions for both trial types, and see below for more on this. In summary, across subjects and electrodes, for the DLPFC there were high gamma responses after the task cue, the go cue, or both. For the VLPFC, there were high gamma responses mainly only after the go cue, and more strongly on MS Go than NS Go trials (for the subjects who showed an RDE). For detailed information on each subject, see Supplementary Figures 1-5 for spectral plots.
Activity in the DLPFC Precedes the VLPFC
The comparison of task cue and go cue periods (Fig. 3A vs. B) suggests a timing difference in DLPFC and VLPFC. We formally tested this as follows. 1) For each subject, for the period from 500 ms before the task cue until 1 s after the go cue (i.e. a 2500 ms window), electrodes were identified in DLPFC and VLPFC which showed significant activity for MS Go versus baseline (P < 0.05, FDR corrected for all electrodes within each region of interest (ROI) and all time points). (Note that for s4 there was no DLPFC electrode in either time window that surpassed the FDR corrected threshold, so for this analysis, for s4 alone, the threshold was lowered to P < 0.01, uncorrected to select a DLPFC electrode.) 2) For all of these electrodes, we found the time point (relative to the MS cue) where the high gamma amplitude first became significantly greater than baseline (for subjects with more than one significant DLPFC or VLPFC electrode the onsets for all electrodes in each ROI were averaged). 3) We performed a paired t-test across the 5 subjects on the latency values for DLPFC Figure 2 . The full dynamic picture of activity for a single subject (s2) during a preparing to stop trial. DLPFC was active after both the MS cue and the go cue, and VLPFC was active later, most strongly around the time of the motor response. The colored electrodes denote those with significant high gamma activity (z-scores) for MS Go versus baseline for each time bin (P < 0.05, FDR corrected). The MS cue occurred at 0 ms, the go cue occurred at 1000 ms, and for this subject average RT was 618 ms (1618 ms relative to the MS cue).
versus VLPFC. The main result was that the DLPFC was active before the VLPFC (P = 0.01, t = 4.2, df = 4), and this was true in each subject (Fig. 3C) . (Note that because there were no differences in average amplitude or standard deviation between the DLPFC and VLPFC [P∼0.9 for each], it is unlikely that the difference in onset times is an artifact of different signal-to-noise properties of the 2 regions.)
We also examined the DLPFC/VLPFC timing difference using a second method. We performed a single trial analysis for MS Go trials for all the DLPFC and VLPFC channels pooled across subjects that had significantly above baseline high gamma activity (on average 132 trials per subject, SD = 12). The dependent variable for each trial, in DLPFC or VLPFC, was the time of maximum high gamma amplitude. DLPFC showed a relatively narrow peak after the MS cue and another broader and slightly smaller one after the go cue (Fig. 3C) . Thus, the DLPFC exhibited more variability, responding similarly to both the task cue and the go cue. The VLPFC, in contrast, while showing some responses to the task cue, had its largest peak after the go cue around the time of the response. This single trial analysis supports the above impressions (Fig. 3A,B) that the DLPFC is active after both the task cue and the go cue while the VLPFC is active primarily after the go cue.
To help characterize the data summarized in Figure 3 , spectral plots are shown from an example DLPFC and VLPFC electrode from 1 subject (s3; Fig. 4A) . Here, the DLPFC electrode had significant high gamma activity shortly after the task cue, and did not differentiate between MS Go versus NS Go. In contrast, the VLPFC was active only after the go cue, and significantly more for MS Go compared with NS Go (P < 0.05, FDR corrected for all frequencies, time points, and conditions). For comparison, we also show VLPFC activity from s4, who failed to show an RDE. Note that the MS Go activity pattern for this subject was very similar to s3. However, s4, did not show a significant difference between MS Go and NS Go, and likewise had no behavioral difference either (no RDE). See Supplementary Figures 1-5 for spectral plots of all DLPFC and VLPFC with significant MS Go activity relative to baseline (indicated in Fig. 3A,B ) from all subjects.
The Role of the VLPFC in Preparing to Stop
These different temporal activation patterns for DLPFC versus VLPFC are consistent with different roles in preparing to stop action. The DLPFC was active in the task cue and go cue periods, consistent with a role in representing task goals, which could include any of encode, maintain, rehearse, attend, monitor, or retrieve. The VLPFC, in contrast, was consistently active later in the go phase around the time of the response, consistent with a role in either action control (Aron et al. 2003; Chambers et al. 2006 Chambers et al. , 2007 Aron et al. 2007b (A and B) . DLPFC and VLPFC activity in the task cue and go cue periods. (A) The task cue period (i.e. 1 s following the MS cue). For most subjects, there is activity in and above the inferior frontal sulcus (i.e. DLPFC) for MS Go versus baseline, indicated with black arrows, but not for the comparison of MS Go versus NS Go. Note only 1 subject (s1) shows VLPFC during this period in 2 more rostral VLPFC electrodes. (B) The go cue period (i.e. 1 s following the go signal). In all subjects, there is activity in and around the precentral suclus (i.e. VLPFC) and there are also differences between MS Go and NS Go for the 3 subjects who had significant behavioral slowing (RDE), indicated with black arrows. Note that there is also DLFPC activity in most subjects during this period and differences between MS Go versus NS Go in 2 subjects (s2 and s3). Red electrodes denote significantly greater high gamma amplitude (110 Hz) for MS Go versus baseline and black circles denote significant MS Go versus NS Go trials (P < 0.05, FDR corrected). The dotted rectangles denote the 2 subjects who did not slow down in preparation for stopping. (C) DLPFC precedes VLPFC. Left panel: for all subjects the time of significant gamma in DLPFC occurred earlier than VLPFC. Zero millisecond is the time of the "MS" cue and 1000 ms is the time of the go signal. Right panel: Pooling across the channels and subjects in the left panel, a single trial analysis reveals that DLPFC activity increased after both the task cue and the go cue, while VLPFC had a tendency to increase mainly after the go cue and after DLPFC. Zero millisecond is the time of the MS cue and 1000 ms is the time of the go signal. Hampshire et al. 2010; Sharp et al. 2010; Boehler et al. 2011; Chatham et al. 2012) , both of these, although perhaps in dissociable subregions (Chikazoe et al. 2009a; Chikazoe, 2010; Verbruggen et al. 2010; Levy and Wagner, 2011) , as well as other possible accounts such as a violation of expectancies about stopping (Zandbelt et al. 2012) . We speculated that if the VLPFC is important for action control, that is, as a brake, than its activity might relate to the time of the motor response (especially in the "executive" setting of MS Go trials).
To investigate this, we plotted spectral data for MS Go trials from a VLPFC electrode for each subject time-locked to the MS cue (Fig. 4B, left column) and to the reaction time (Fig. 4B, middle column) . For s1-s3, the electrode is the one that showed the MS Go greater than NS Go difference (see Fig. 3B ). (Note that s2 and s3 had 2 neighboring electrodes with this difference. Although all showed a similar pattern, we show results from the one that was more clearly within the VLPFC for each subject, see Supplementary Figures 1-3 for plots of data from the other electrodes). For subjects s4 and s5, no electrodes had an MS Go versus NS Go difference, therefore we show the VLPFC electrode with an MS Go versus baseline difference (shown in Fig. 3B ). For all subjects the VLPFC activity was roughly centered around the time of the motor response, usually starting well before, and continuing well after. These results point to a relationship between the VLPFC and the motor response (especially on MS Go trials). Although this is consistent with a role for the VLPFC in action control, the fact that the activity was spread across time could also be consistent with other accounts, such as attentional monitoring for the stop signal. If this is the case, then its engagement should be most prominent around the time of the expected stop signal (i.e. the SSD) rather than the time of the motor response. To test this, we conducted a single trial analysis sorted by either RT, or a proxy for expected SSD (based on the SSD from the last stop trial). For s2 and s5, the VLPFC electrode shown in Figure 4B had high gamma activity that corresponded more strongly with RT than with the time of expected SSD (Fig. 4C) . For the other 3 subjects the single trial analysis did not reveal any clear patterns in VLPFC when sorted by either variable. (See Supplementary Figures 1-5 for additional examples of the single trial analysis sorted by RT for other VLPFC and DLPFC electrodes.)
Discussion
We recorded ECoG from right lateral subdural grids in 5 subjects while they performed the MS/NS task. The analysis mainly focused on high gamma activity in the task cue period and following the go cue. In most subjects, there was DLPFC activity around the task cue and/or around the go cue with some electrodes responding to both, while others responded to one or the other. By contrast, in all subjects, there was activity in the VLPFC more consistently after the go cue, especially around the time of the motor response on MS trials, and significantly later than the DLPFC activity. For the VLPFC, the activity on MS trials was more closely time-locked to the motor response than it was to the anticipated time of the stop signal, and it was greater, relative to NS trials, in subjects who slowed down in anticipation of stopping compared with those who did not. These results suggest that the DLPFC and VLPFC could play dissociable roles. One interpretation is that the DLPFC represents the task goal and that the VLPFC implements action control, perhaps specifically by "braking" the initiated motor response when stopping is anticipated. This speaks to current theories of action control as well as the debate about the functional specialization of the prefrontal cortex.
Functional Role of the DLPFC Preparing to stop a response requires having a stopping task goal and also using this information to control the response tendency. This "task goal" could encompass functions related to encoding the rules of the task, retrieving these rules, holding the rules in working memory, and/or attending to or monitoring for task-relevant stimuli. A strong candidate region for representing this task goal is the DLPFC, based on much evidence implicating it in working memory (GoldmanRakic, 1990; Fuster, 1997; Petrides, 2000; Olesen et al. 2004; Muller and Knight, 2006) and attention (Corbetta and Shulman, 2002) . Consistent with this, functional MRI shows greater activity in DLPFC for preparing to stop (Chikazoe et al. 2009b; Jahfari et al. 2010; Zandbelt and Vink, 2010; Swann et al. 2012; Zandbelt et al. 2012) , although in most studies it was not possible to establish when this difference occurred, that is, during the task cue or go cue phase (but see Zandbelt et al. 2012) . Here, we used ECoG to show that DLPFC was active for MS Go versus baseline, and moreover, we could elucidate the timing. We found that DLPFC was active following the task cue, the go cue, or both. One interpretation of this pattern could be that the DLPFC encodes the task goal following the task cue and then shows a reactivation following the go cue, perhaps reflecting attention to the cue or task goal retrieval, although other accounts are possible. Future studies using tasks that modulate different cognitive processes (e.g. by adjusting working memory load) would be useful to more clearly define the functional role of DLPFC in preparing to stop. At present, with the current task, we can only suggest that the pattern of activity that we Figure 4 . (A) Example spectral plots for DLPFC and VLPFC for preparing to stop. For s3 high gamma amplitude increases are visible for both DLPFC and VLPFC, with DLPFC preceding VLPFC. Note that only VLPFC shows a significant difference for MS Go compared with NS Go (P < 0.05, FDR corrected). For a subject that did not show behavioral slowing (s4), the high gamma increases relative to baseline are still present (and are similar in time to s3), but there is no difference for MS Go versus NS Go. Zero millisecond is the time of the task cue, 1000 ms is the time of the Go signal. Amplitude is expressed in color as a z-score. Significant values (P < 0.05, FDR corrected) are outlined (black indicates positive differences, red indicates negative differences). Electrode locations are indicated in blue for each subject and region. For similar plots from all the other significant DLPFC and VLPFC electrodes, for all subjects, see Supplementary Figures 1-5. (B) VLPFC shows consistent activity across subjects when preparing to stop. Spectral plots for MS Go versus baseline are shown for a VLPFC electrode from each subject time-locked to both the MS cue (left column), and the RT (middle column). For each subject the high gamma activity centers around the motor response. Zero millisecond is the time of the task cue and 1000 ms is the time of the go signal for the left column. Zero millisecond is the time of the RT for the middle column. (C) VLPFC activity is time-locked to the motor response on a single trial level. In 2 subjects (s2 and s5), the VLPFC response on MS Go versus baseline relates to the motor response more than the expected stop signal. The top 2 plots show single trial high gamma amplitude (110 Hz) plotted for all MS Go trials aligned to go cue (0 ms), and sorted by RT. The bottom 2 plots show the same data sorted by the expected SSD. The dark line indicates RT (top plots) or expected SSD (bottom plots) for each trial. Raw amplitude relative to baseline is shown in color. For similar plots, showing the single trial analysis sorted by RT, from other DLPFC, and VLPFC electrodes, for all subjects, see Supplementary Figures 1-5. observe is consistent with a role for the DLPFC in "representing the task goal," which could relate to working memory, attention, other executive functions, or a combination of these.
The fact that significant DLPFC activity was observed around the go cue and not the task cue for some subjects could reflect a statistical thresholding issue and/or stronger reactivation or retrieval of the stopping rule as the response period draws near (i.e. when that information is most temporally pertinent). Notably, activity in the DLPFC preceded VLPFC in all subjects, which is consistent with different functional roles for these regions.
Functional Role of the VLPFC Activity in the VLPFC had several features: 1) it occurred mainly after the go cue and more specifically around the time of the response; 2) it was later than activity in the DLPFC for all subjects; 3) it was greater for MS Go than NS Go for the 3 subjects who showed a behavioral RDE and not for the 2 who did not; 4) in 2 subjects, activity was more tightly related to RT than the expected SSD on a single-trial level. This pattern of data provides novel information about the temporal activations of the VLPFC in preparing to stop, and speaks to a debate about the functional role of the VLPFC in cognitive control. Whereas the right VLPFC is critical for the outright stopping of action (Aron et al. 2003; Chambers et al. 2006 Chambers et al. , 2007 Verbruggen et al. 2010) , its underlying functional role could reflect the active suppression of a response (entirely or partially), that is, "action control" (Aron et al. 2007a; Jahfari et al. 2010) , attentional monitoring (Hampshire et al. 2010; Sharp et al. 2010; Chatham et al. 2012) , violation of a stopping expectancy (Zandbelt et al. 2012) , or some combination of these (Chambers et al. 2009; Boehler et al. 2010; Chikazoe, 2010; Aron, 2011; Levy and Wagner, 2011) .
The action control account proposes that there is slowing down on MS Go trials because of partial suppression of the emitted response, and that VLPFC implements this. This is analogous to a brake that is applied as movement occurs. This predicts VLPFC activity around the time of the motor response. In contrast, the attentional monitoring account proposes that the VLPFC is monitoring for the stop signal, which predicts earlier activity, around the time of SSD. Yet, we show that the VLPFC activity in all subjects is centered around the motor response, and in two subjects, the single trial analysis clearly showed that this activity was much more tightly locked to RT than the estimated SSD. Thus, the results are more compatible with the action control account.
Thus, while attentional monitoring is implicit in the stop signal paradigm, since one could not stop unless one detected a signal to stop, and while it is possible that VLPFC plays a role in such attentional monitoring (Corbetta and Shulman, 2002) , the current data argue that VLPFC's role is not merely one of attentional monitoring. Instead, there is likely a sector ( perhaps the more ventral and caudal aspect) that implements action control (Chikazoe et al. 2009a; Verbruggen et al. 2010; Levy and Wagner, 2011) .
It is unclear as to how these results speak to the violation of stopping expectancy account. Based on fMRI, Zandbelt et al. (2012) proposed that VLPFC activity on go trials, in which stopping was not needed, although it was expected, reflected a violation of stopping expectancy. Such an interpretation could be consistent with our results if it is the motor response that instantaneously triggers the realization that the stop signal did not occur.
In any event, other data argue for a role for VLPFC in action control. For example, 2 studies using paired-pulse transcranial magnetic stimulation, with 1 coil on right VLPFC and the other on M1, showed that VLPFC had a suppressive effect on M1 for response control tasks Neubert et al. 2010) .
Thus, the VLPFC activity may reflect action control that is applied as the response is being made (i.e. braking). More specifically, the VLPFC, which is critical for stopping outright at the behavioral level, and putatively plays a role in implementing inhibitory control by projecting to the preSMA and the basal ganglia to cancel motor output (Aron et al. 2007b ), may also be recruited proactively, when stopping is anticipated. Accordingly, the proactive recruitment of the VLPFC might have the consequence that if a response is initiated it is also dampened/slowed. Future studies could bolster this interpretation by, for example, using paired-pulse TMS to reveal if right VLPFC has inhibitory effects over the motor system when preparing to stop, or using electrical stimulation during task performance (Filevich et al. 2012) .
Limitations First, the data are from epilepsy subjects and may not generalize well to the healthy population. However, some of the findings clearly were consistent across all or most of the 5 subjects. Further, the findings corresponded well with extant fMRI studies of preparing to stop (Chikazoe et al. 2009b; Jahfari et al. 2010; Zandbelt and Vink, 2010; Swann et al. 2012; Zandbelt et al. 2012) . Further, all subjects had epileptic foci outside of the reported regions. Second, the sample size, while acceptable by the standard of ECoG studies, is small, particularly for examining differences between individuals (i.e. whether or not behavioral slowing, the RDE, was present). Further, an important result, that single-trial gamma activity in the VLPFC tracked RT more tightly than expected SSD, could only be established in 2 subjects ( probably because single-trial analyses are noisy, particularly in prefrontal regions due to increased variability in the timing and consistency of the neural response in this region compared with primary motor/sensory regions, for instance). This limits the strength of the conclusion that can be drawn. Third, for 2 of the subjects there was no slowing down (RDE) for MS versus NS Go trials, running against a common observation in normative populations (Chikazoe et al. 2009b; Jahfari et al. 2010; Zandbelt and Vink, 2010; Swann et al. 2012; Zandbelt et al. 2012) . We suggest they were preparing to stop on every trial, and so were not differentially sensitive to the MS versus NS cues. However, their stopping and other task performance was otherwise satisfactory, and the absence of an RDE along with a null ECoG difference for MS Go versus NS Go, provided a nice control. Fourth, given the simplicity of our task design we could not specify the role of the DLPFC with any functional specificity beyond representing task goals. Fifth, some of the electrodes with similar functional properties were in different locations across subjects with reference to gyral/ sulcal landmarks. Yet, it well established that there is high variability in the gyrification and cytoarchitecture of prefrontal regions (Amunts et al. 1999) . Sixth, our current focus was on Go trials only, and not on stop trials. While it is theoretically interesting to examine DLPFC and VLPFC on outright stop trials, our previous report showed activity in both of these regions prior to the stop signal (see Fig. 6 Swann et al. 2012) . This, combined with the fact that the go and stop signals occur in close temporal succession, and with a varying delay on different trials, makes it difficult to delineate different functional roles for these brain regions on stop trials. Hence, the focus on Go trials can better delineate the temporal profiles of these regions, as well as clarifying how they contribute to preparing-to-stop.
Conclusions and Implications
Our results speak to a long-standing debate about the functional specialization of the prefrontal cortex. Whereas some have argued that the primary functional role of the prefrontal cortex is working memory (with different sectors processing different kinds of information) (Goldman-Rakic, 1996) , others have argued that different sectors perform different functions such as working memory, attention, and inhibitory control (Fuster, 1997) . The current results argue for functional specialization, at least to a degree, with DLPFC representing the task goal, and VLPFC implementing action control.
Within VLPFC, we more specifically observed that the activity was around the time of the motor response, rather than around the time of the estimated stop signal. This, along with other results Jahfari et al. 2010; Neubert et al. 2010 ) speaks in favor of a role for VLPFC in actively braking response tendencies. This action control mechanism over response tendencies, implemented via the VLPFC, could operate in concert with the basal ganglia and/ or the primary motor cortex (Vink et al. 2005; Jahfari et al. 2010; Zandbelt and Vink, 2010; Zandbelt et al. 2012) .
If our interpretation is correct it would suggest that task goal processing (represented in DLPFC) is used to implement action control (in the VLPFC). This predicts a causal influence of DLPFC over VLPFC, which could be tested in a future study of inter-regional communication. However, communication between these regions may not be direct. One possibility is that the preSMA may mediate communication between the 2. This account is supported by ECoG data from our previous report where the preSMA was active between the early DLPFC activity and the later VLPFC activity in one unique subject with subdural coverage in all these areas (Swann et al. 2012 ). This observed timing pattern is consistent with a paired-pulse TMS study using a response control task which showed preSMA's influence on primary motor cortex preceded VLPFC, and that VLPFC's influence on primary motor cortex depended on preSMA (Neubert et al. 2010) . It is possible that the preSMA plays a role in task configuration (Rushworth et al. 2004) , one aspect of which is translating the stopping rule into the action system. Thus, the preSMA may mediate the putative transfer of information from DLPFC to VLPFC when preparing to stop. Clearly, future research is required to develop a richer understanding of the functional roles and neural communication of different regions within this overall putative response control network.
In conclusion, the current data provide a more mechanistic understanding of human self-control. They point to a dissociation between the task goal and the implementation of action control in different sectors of prefrontal cortex, and they provide insight into how people respond more cautiously when they might have to stop.
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